On-line, simultaneous measurement of blood K, Ca2, Na, and pH has been achieved by using a quadruplefunction ChemFET (chemical-sensitive field-effect transistor) integrated-circuit sensor. Blood is withdrawn from the subject through an actively hepannized, dual-lumen cannula and passed into a flow-cell containing the sensor, in alternation with a calibration solution. A minicomputer controls the analysis system, logs data, and provides a continuous, graphic display of K and pH values.
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On-line, simultaneous measurement of blood K, Ca2, Na, and pH has been achieved by using a quadruplefunction ChemFET (chemical-sensitive field-effect transistor) integrated-circuit sensor. Blood is withdrawn from the subject through an actively hepannized, dual-lumen cannula and passed into a flow-cell containing the sensor, in alternation with a calibration solution. A minicomputer controls the analysis system, logs data, and provides a continuous, graphic display of K and pH values.
In a previous communication (1), in which we described the use of a chemical-sensitive field-effect transistor (Chem-FET) to measure directly, and on-line, the potassium concentration in whole human blood from an indwelling cannula, we noted that blood clots formed in the cannula after a relatively short period, even though the fluid lines had been 
Materials and Methods
The Et144 ChemFET integrated-circuit (IC) used for this work is geometrically (but not structurally) the same as that 
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multiplexing the device outputs are presented elsewhere (2). We mounted the ChemFET ICs onto custom-designed 20 x 7 mm gold-plated printed-circuit boards and connected them electrically to the leadout tracks, using a thermosonic gold-ball bonder (Kulicke and Soffa Model 2702-2).
All metallic conductors, the IC periphery, and metallization were coated with Epo-Tek 1154 epoxy (cured at 90#{176}C for 60 mm), and the four ChemFET gate regions were partitioned by using Epo-Tex 380 non-flow epoxy (cured similarly). [An alternative polyimide/photopolymer encapsulation technique is described elsewhere (2)1.
Polymeric electroactive gate membranes were solventcast over devices 1, 3, and 4-responsive to K, Ca2 and Na, respectively-the intrinsically pH-responsive Si3N4 surface of the device 2 gate being left exposed, thus providing a four-function ChemFET IC. The solution for casting the were sealed with epoxy into the ends to form tubing connectors, and the cap assembly was sealed onto the printed-circuit board with silicone rubber, placing the exposed bore of the Pyrex tube directly over the ChemFET IC (Figure 1) .
The completed sensor, together with a specially-built miniature pinch-tube valve and a Pyrex heat-exchanger, was mounted onto a 47 x 97 mm printed-circuit board located on a spring-cantilevered pivoting arm. This allowed the sensor assembly to be positioned easily, and appropriately close to the indwelling cannula. Blood from the cannula was drawn via the valve into the heat exchanger for thermal equilibration with the baseline-calibration solution (see below), thence into the ChemFET cell, and to a waste container via a downstream reference electrode (side entry, porous plug) and system pump (LKB Varioperpex 12000). 
Active heparinization
was achieved by using a duallumen cannula similar in function to that described by Weller et al. (4) and attributed to Holaday (unpublished work). The cannula was constructed by sealing the tipsof two 2FG intravenous cannulae (Type 200 310 010; Portex Ltd., Hythe, U.K.) through an autoclavable, Luer-lock blanking hub such that both a 62-mm and a 3-mm length of cannula tubing were obtruding beyond the hub's inner face after autoclaving and trimming. When the hub was locked onto a 17.5-gauge Teflon cannula (no. 521; H. G. Wallace Ltd., Essex, U.K.), the 62-mm tubing penetrated the 17.5-gauge cannula to within 3 mm ofthe tip(thusforming an inner, coaxial lumen), whereas the 3-mm tubing provided access to the extraluminal space. When heparmn-saline is pumped into the latter while blood is simultaneously aspirated through the inner lumen, the two streams mix internally at the cannula tip, the result being controlled heparinization of the withdrawn sample.
For the present, we have chosen to use a heparin-saline/ blood solution ratio of approximately 2.4/100 (by vol), which results in a heparin concentration of 4 USP units/mL in the mixture. The heparin-saline has a sodium heparin concentration of 170 USP units/mL, and is pumped into the extraluminal space at a rate of 34.4 Umin; the heparimzed blood is withdrawn at a rate of 1.46 mL/min.
The ChemFET cell is connected via an electrical isolation unit to a multiplexer interface and interfaced to a HewlettPackard HP-85F microcomputer. The latter supervises the system, controls both system and heparin pumps, and logs all data onto magnetic tape (5). Blood samples are drawn through the ChemFET cell at 90-s intervals for 25 8, alternating with the baseline-calibration solution (per liter: 3 mmol of K, 0.75 mmol of Ca2, and 154.75 mmol of Na, buffered to pH 6.86 at 22#{176}C), which results in a chopped output, as reported previously For percutaneous venous cannulation of the forearm we use a Wallace No. 521 17.5-gauge Teflon cannula, into which the dual-lumen hub assembly is locked; the two fluid lines are connected to the heparinization line and the analyzer input tap. Blood is drawn into the tap, which is then set to connect subject and system, and the computer program is immediately continued. After the heparin line is flushed for 10 s, sampling begins.
The heparinization pump is activated 2 s before, during, and for 10 s after the 25-s sampling, to ensure adequate clearance of unheparinized blood from the cannula tip. After Figure 2 shows the results of a typical 2-h run. The data from the K, H, and Ca2 ChemFETs lie within the normal physiological range, but the Na device became noisy and unreliable after first contact with whole blood, at which time a 4-mV baselinedrift was also apparent. Event marker 1 indicates the application of a tourniquetto the upper (sampling) arm; eventmarker 2 indicates its removal. To our knowledge, this is the first time that multiplechannel, on-line blood analysis has been achievedwith a ChemFET IC.In the future, it should be feasible to extend the range of sensed ions to include other species and to improve the sampling efficiency, but our immediate priority is to apply the system in a clinical environment to concentrations of blood electrolytes during cardiac surgery, intensive care, and renal dialysis.
Results and Discussion
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